We used the reverse hemolytic plaque assay (RHPA), a method for detecting secretion by single cells, to demonstrate functional heterogeneity among prolactin (PIU) cells of rat anterior pituitary at the light microscopic (LM) level. We attempted to adapt RHPA for electron microscopy (EM) to define the relationships between fine structure and secretory activity in individual PRL cells. A major modifcation of the technique, intended to improve preservation of ultrastructure, was allowing the cells to recover after their enzymatic dispersion from the pituitary tissue, through a brief (3-4 hr) culture step before the assay. Adaptation for EM was achieved by the use of plastic slides for construction of specialized Cunningham chambers, permitting application of all the EM procedures (flat embedding, punching of selected areas) usually employed for cultured pituitary monolayers. Moreover, immunocytochemical pre-and post-11
Introduction
Heterogeneity in the rat prolactin (PRL) cell population is a now well-documented concept that was first observed in the early 1980s as the result of investigations performed by various approaches. Morphological and immunocytochemical data were gathered either in vivo (Mukherjee et al., 1991; reviewed in Tougard and Tixier-Vidal, 1988; Nogami, 1984; Nogami and Yoshimura, 1980) or in vitro (Hymer and Motter, 1988; reviewed in Tougard and Tixier-Vidal, , 1988; Tougard et al., 1980; Snyder et al., 1976) and have led to the description of several subtypes of PRL cells coexisting in rat anterior pituitary with the now "classical" PRL cell that contains large, polymorphic secretory granules. This cell was identified long ago (see review of the pioneering work in Farquhar, 1971 ), and confirmed by immunocytochemistry (reviewed in Tougard and Tix-, ier-Vidal, 1988) . Functional studies were then carried out with pulse-chase experiments (Walker and Farquhar, 1980) France. embedding methods were also applied for cell identification and study of subcellular hormone distribution. Such a modified RHPA enabled us to analyze the ultrastructure of plaque-forming cells surrounded by their companion red blood cell ghosts. The f i t results with EM RHPA showed that under basal conditions a subpopulation of PRL cells containing small granules (150-200 nm) was actively secreting, des appeared to be stimulated by thyrotropin-releasing hormone or KC1. The EM RHPA technique described here might receive more general application and could be utilized for study of many other secretory systems. (JHistOchem Cpo-&em 42:ll-22, 1994) KEY WORDS: Reverse hemolytic plaque assay; Electron microscopy; Secretory apivity; Rat anterior pituitary; Prolactin cell heterogeneity; Immunocytochemistry.
WhereaSPRLCellswithlarge (300400nm)~1dh&~tegulargranous biochemical approaches, such as cell sedimentation (Velkeniers et al., 1988; Denef et al., 1982) or, more recently, sequential cell immunoblot assay (Arita et al., 1991 (Arita et al., ,1992 , and have detected heterogeneous responses among PRL cells to various stimulatory or inhibitory factors.
However, most studies of the subpopulations of rat PRL cells were supported by an approach derived from the immunological technique of hemolytic plaque assay (Jerne et al., 1974) , modified to detect antigen formation from individual cells (Molinaro and Dray, 1974) and therefore called the reverse hemolytic plaque assay (RHPA). This technique is based on the ability of antigen-antibody complexes to bind to the surface of protein A-coated ovine red blood cells (RBCs); the addition of complement mediates a cascade of reactions that leads to the lysis of the RBC-bearing complexes (Molinaro et al., 1981) . The application of RHPA to dispersed rat pituitary cells with the use of a specific antibody against PRL led to the detection of PRLsecreting cells, owing to the formation of hemolytic plaques surrounding these cells. Moreover, the level of their secretory activity could be estimated as a function of the diameter of their own hemolytic plaque (Neil1 and Frawley, 1983) . This approach initiated a long series of studies from many laboratories. PRL secretion by individual cells was investigated under var-ious conditions, either stimulatory (Nagy and Frawley, 1990; Boockfor et al., 1986; Long et al., 1985) or inhibitory (Frawley and Clark, 1986; Luque et al., 1986) . RHPA has also been coupled with pulse-chase experiments (Chen et al., 1989) or with in situ hybridization (Wise et al., 1992; Scarbrough et al., 1991) . Few studies, however, have used RHPA coupled with immunocytochemistry for the identification of pituitary cells (Sernia et al., 1992) , after the first attempt of Smith and Neill (1984) on gonadotropes and corticotropes.
All these works were performed by light microscopy (LM). The studies were extended to electron microscopy (EM) by immunologists who reported on the ultrastructure of antibody-forming cells (Fitch et al., 1965) and then to immunoelectron microscopy with an application to pituitary PRL cells (Neill et al., 1987; . A further attempt was briefly related by Yashiro et al. (1988) . To investigate the functional significance of the morphological heterogeneity of PRL cells, the aim of the present work was a technical challenge to optimize the adjustment of RHPA to EM and then to establish some relationships between the ultrastructural organization of individual PRL cells and their secretory activity.
Materials and Methods

Materials
Antibody. Rabbit antiserum against purified rat PRL, a gift from NIDDK (Bethesda, MD), was prepared by D. Grouselle (Paris). Specificity of this antibody (A.PRL) was assessed as previously reported (Tougard et al., 1980) . No crossreactions could be detected with other pituitary hormones, even when operating with high concentrations of the antibody.
Rat Pituitary Cells. For each experiment, 3-10 pituitaries were obtained under sterile conditions from Wistar male rats (180-200 g) (Iffa-Credo; I'Arbresle, France) and were dissociated according to Tixier-Vidal et al. (1973) by mechanical and enzymatic dispersion in Ham F12 medium (Gibcq Grand Island, NY) containing 0.1% trypsin (Difco; Detroit, MI) and 0.1% BSA (Fraction V) (ICN Biomedicals; Costa Mesa, CA). The suspension of cells was transferred to a centrifuge tube and washed twice with complete culture medium: Ham F12 supplemented with 10% horse serum (Hyclone; Logan, UT) and 5% fetal calf serum (Gibco).
Several protocols were tested for treatment of dispersed pituitary cells. At first RHPA was applied immediately after cell dispersion to cells rinsed twice and re-suspended (5 x IO6 cellslml) in serum-free Ham F12 medium supplemented with 0.1% BSA (henceforth referred to as F12lBSA). Owing to the poor ultrastructural results obtained with this direct RHPA, other procedures, including a retrieval step after enzymatic dispersion of the cells, were attempted.
Dispersed pituitary cells were either: cultured for 7-9 days on polylysinecoated coverslips in serum supplemented medium before application of RHPA according to Childs and Burke (1987) ; or plated in 60-mm uncoated plastic dishes (8 x lo1 cellsldish) in serum-supplemented medium, and cultured for 15, 24, or 48 hr. Harvesting of such cells required the use of versene (1:SOOO) (Eurobio; Les Ulis, France) to detach pituitary cells more promptly than fibroblasts. Harvested cells were then rinsed and re-suspended; or seeded in 100-mm uncoated plastic dishes (2 x lo6 cellsldish) with serum-supplemented medium and cultured for 3 hr. These cells were then recovered by mechanical dispersion only, rinsed, and re-suspended GH3B6 Cells. This rat pituitary tumor cell line. secreting mainly PRL, is a subclone of GH3 cells (Gourdji et al., 1972) and is maintained in our laboratory in F12 medium supplemented with 15% horse serum and 2.5% fetal calf serum. Cells were harvested by rapid trypsinization (trypsin 0.25%, versene 1:5000, vlv, 2 min), and either re-suspended in serum-free F12lBSA for direct RHPA or seeded in large Petri dishes with complete medium, as described for normal pituitary cells submitted to similar treatments.
Ovine RBCs. Sterile ovine RBCs purchased from Sanofi-Pasteur Diagnostics (Marnes-la-Coquette, France) were covalently coupled with staphylococcal protein A (Sigma; St Louis, MO) with the use of chromium chloride according to the method of Gronowicz et al. (1976) , modified for RHPA by Neill and Frawley (1983) and by Leong et al. (1985) . In brief, 2.5 ml of the RBC suspension (50% in buffered solution) were centrifuged for 10 min (600 x g) and washed three times with Dulbecco's PBS (Eurobio). They were then coupled as follows: 500 p1 protein A solution (0.5 mglml in 9% saline) and 4.5 ml 0.01% CrCI3.6 HzO (Sigma), prepared from a 0.1% aged stock solution, were mixed and added to 500 PI of the washed RBC pellet in a centrifuge tube. The mixture was incubated for 1 hr at 30'C in a water bath and centrifuged for 7 min at 600 x g. The pellet was washed twice with Dulbecco's PBS and twice with F12lBSA. Such coupled RBCs can be stored for 2 days at 4°C as a 2% solution in F12/BSA and must be washed at least twice in the same medium before being adjusted to 40%. This rather high concentration of RBCs provided regular and reproducible monolayers
RHPA Technique
This assay was performed in specialized small chambers (Cunningham and Szenberg, 1968) , constructed either on microscope glass slides for LM or on Thermanox 24 x 60-mm coverslips (Lux 5410) (Miles Scientific; Naperville, IL) for EM. In both cases slides were coated with polylysine by dipping in a 0.1 mg/ml solution of poly-~-lysine hydrobromide (MW 70,000-150.000; Sigma P 1274) in distilled water for 30 min. Higher polylysine concentrations did not give better results. Slides were rinsed three times in distilled water and allowed to dry in air. Chambers were constructed as previously described by other authors (Allaerts, 1989; Leong et al., 1985; Neill and Frawley, 1983) with two narrow strips of Scotch double-stick tape placed 15 mm apart and covered with an uncoated square glass coverslip, thus providing a 30-pl incubation chamber. Such chambers can be stored free of dust contamination for a long time.
Thirty-hl aliquots of cell suspension containing equal volumes of dispersed pituitary (or GH3B6) cells (5 x 1o6/ml) and protein A-conjugated RBCs (40%) in F12lBSA were introduced by capillary action into each chamber. Chambers were placed within a humidified container in a gassed (5% C02, 95% air) incubator at 37°C for 1 hr. Such pre-incubation enables the cells and the RBCs to firmly attach to the polylysine coat of their support. In some experiments this step was extended to 4 hr, to help the cells to recover after the trypsinization.
At the end of the pre-incubation the chambers were kept vertically on absorbent paper and cautiously washed with 90 pl of Fl2lBSA to elute unattached cells and RBCs. Chambers were then filled with 30 ~1 A.PRL diluted 1:25-1:100 in FlZlBSA, supplemented or not with secretagogues such as thyrotropin-releasing hormone 100 nM (TRH; Sigma) or KCI 60 mM. Slides were immediately re-placed under a humidified atmosphere in the incubator for 30 min-5 hr.
The following step was the infusion of complement to initiate the formation of hemolytic plaques. As a source of complement we used an undiluted, heat-stabilized guinea pig complement (Sanofi-Pasteur Diagnostics; ref. 53755) and, after several tests, a 30-min exposure time. The formation of plaques could be followed by phase-contrast microscopy and began around 15 min in stimulated preparations. Longer incubation times (from 3 hr to overnight) might lead to diffuse hemolysis.
Controls were performed by omitting either the specific antibody, the complement, or both. The use of higher dilutions of the A.PRL (1:200-1:400) led to the extinction of plaque formation. Application of rabbit serum or of other antibodies such as an anti-laminin antibody (diluted 1:5-190) did not induce any positive reaction.
The hemolytic reaction was stopped by fixation. Many attempts were performed to avoid any shifting of the RBCs. Cunningham chambers were either injected with the fixatives (4% paraformaldehyde, 1% or 2.5% glutaraldehyde, 1% 0~0 4 , or a mixture of 1% os04 + 1% glutaraldehyde) or were immersed in 1% glutaraldehyde or submitted to vapors of concentrated fitives (4% os04 or 50% glutaraldehyde). Injection of 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4.4'C) provided the best results for LM and EM alike. For LM. addition of toluidine blue to the fmtive aided cell counts.
Light Microscopy
After fixation (10-20 min), Cunningham chambers were washed with cacodylate buffer, then with distilled water, and filled with Mowiol (Hoechst; La Jolla, CA) as a mounting medium.
Electron Microscopy
After 1% glutaraldehyde fixation overnight at 4'C. Thermanox chambers were opened with the help of a disposable scalpel. The "floor" of each chamber was quickly cut off with scissors and immersed in cacodylate buffer in a small (35 mm) plastic Petri dish, cautiously keeping the cell layer upwards. Cells were treated on their Thermanox support as usually done for primary cultured cells and were processed in the culture dish either for conventional EM or for pre-embedding immunocytochemistry. Conventional EM. The cells were osmicated (1% 0~0 4 , supplemented or not with 1% ferrocyanide), pre-stained (or not) with uranyl acetate, then dehydrated with hydroxypropyl methacrylate (HPMA) and infiltrated with Epon according to Brinkley et al. (1967) . At the end of the last Epon bath the Thermanox supports were removed from the dishes, drained by dripping, and inverted on a rhodoid sheet (ordinary rhodoid for photocopy; Figure la) , and allowed to polymerize for 3 days at 60°C.
Thermanox supports were removed from rhodoid sheets by inverting them on a warm hotplate and peeling them off quickly ( Figure Ib) . The cells and the RBCs remain within the thin Epon strip (Figure lc) . It was not necessary to remove the rhodoid, which appeared useful for handling of the Epon strips. Such a technique provided very thin and perfectly flat Epon strips. Epon-embedded hemolytic plaques could then be located by LM and outlined with a Leitz diamond slide marker. The selected areas were cut off as small discs with a 1.2-mm stainless steel punch ( Figure Id) as previously described (Tougard and Picart, 1986; Picart and Tixier-Vidal, 1974) . However, since the Epon layer is very thin it was not necessary to heat the punch. The small discs were mounted (cells upwards) on blank Epon blocks and sections made strictly parallel to the surface of the discs (Figure 2) . The sections were picked up on nickel or gold grids. A semithin section was intercalated between every two grids to check the presence of both pituitary cells and RBCs. Owing to the thinness of the RBCs compared with that of the pituitary cells, the RBCs were present in only a few sections (see Figures 1 and 2 and technical considerations discussed below).
Immunoelectron Microscopy. Pre-embeddng 1mmmUnopem"~e Method After fixation and opening of the Cunningham chambers as described above, the Thermanox pieces supporting the cells were rinsed first in cacodylate buffer 0.1 M, pH 7.4, then in PBS 0.01 M, pH 7.45. Cells on their support were processed for immunocytochemistry as previously reported for other cultured cells (Vila-Porcile et al., 1992; Tougard and Picart, 1986; Tougard et al., 1980) . Saponin was used as a permeabilizing agent before and during the incubations with A.PRL and with peroxidase-conjugated anti-rabbit complementary antibody (Sanofi-Pasteur Diagnostics). After peroxidase demonstration with 3,3'-diaminobenzidine (DAB) (Graham and Karnovsky, 1966) , post-osmication and flat-embedding in Epon were performed as described above for conventional EM.
Post-Embedding CoLoidal GoidMethod
Ultra-thin sections mounted on gold or nickel grids were pre-incubated on drops of PBS supplemented with 1% BSA before incubations with A.PRL diluted in PBS/BSA for 90 min and with protein A-colloidal gold, particle size 10 MI (Biocell; Cardiff, UK) diluted 1:lO in PBS/BSA for 1 hr. Sections were lightly stained with uranyl acetate and/or lead citrate when necessary. The immunogold labeling usually appeared very faint, owing to the use of two impairing agents: glutaraldehyde as a fucative and Epon as an embedding medium (Vila-Porcile et al., 1987 ). Other media, particularly acrylic resins, were not used because they damaged the plastic supports.
itary cells have to be preserved but also the organization of the hemolytic plaques they formed, to obtain reliable results under various experimental conditions.
Results and Discussion
Many technical problems had to be solved for the adaptation of RHPA to the EM level: not only did the ultrastructure of the pitu- 
Morphological Preservation of the Cells
Results in apparent agreement with the literature were first obtained when RHPA was applied directly to GH3B6 cells. These cells w .. . . . . .
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8 represent a good model for study of PRL secretion and were used in the present work for most of the technical adjustments. At the LM level and under basal conditions (i.e., without any addition of stimulatory factors), formation of hemolytic plaques was observed (Figure 3) , increasing in number and size with the time of A.PRL application. In addition, the percentage of plaque formers was enhanced by stimulation with TRH 100 nM. Nevertheless, some GH3 cells did not form hemolytic plaques (Figure 3) . This was in apparent accordance with their functional heterogeneity, previously reported by Boockfor et al. (1985) . At the ultrastructural level, however, these cells exhibited severe morphological alterations such as disruption of the plasma membrane, swelling of the organelles, and extraction of both the cytoplasm and the nucleoplasm (not shown). Similar results were obtained after direct RHPA performed on freshly dissociated rat pituitary cells. The cell injuries observed after direct RHPA could be related either to the dispersion procedure, the incubation conditions, or both. Moreover, the risk of artifactual formation of hemolytic plaques due to a leak of secretory products from injured cells could not be excluded. Consequently, other approaches were explored on primary cultures. To avoid experimentation immediately after cell dispersion from the tissue, RHPA was performed on monolayers of cells cultured for 7-9 days on small coverslips, according to Childs and Burke (1987) . In our system, however, the presence of many fibroblasts was a hindrance to obtaining a homogeneous RBC layer and therefore to the observation of hemolytic plaques under favorable conditions. We therefore decided to operate on freshly dispersed cells, but after an efficient recovery step following the enzymatic dispersion.
As briefly reported in Materials and Methods, different attempts were made before we achieved successful results. Longer preincubation of the cells with the RBCs in the Cunningham chambers did not greatly improve their ultrastructure, since in serumfree medium the cells could not recover efficiently. When the cells were cultured in complete medium for 15, 24, or 48 hr they were so firmly attached to their support that a dissociating agent was required for harvesting. Even after the use of versene alone, ultrastructural damage was observed. Moreover, a selection of a subset of pituitary cells might occur after such a plating, and since there is no reason to assume that this process is random, this procedure of delayed RHPA was discontinued. Finally, after their dispersal from the pituitary tissue the cells were plated in large dishes and cultured for 3-4 hr in complete medium. They were detached by only a gentle pipetting. No cells remained attached to the bottom of the dishes, as assessed by a control under a phase-contrast microscope. The pre-incubation step in serum-free medium was therefore brought back to 1 hr. Under such conditions satisfactory ultrastructure of the cells was finally obtained.
Morphological Preservation of the Hemolytic Plaques
In addition to conservation of the ultrastructural features of the cells, the organization of the hemolytic plaques must also be preserved, at first, by the fixative agent (see Materials and Methods) . The use of paraformaldehyde led to a complete washout of the chamber contents. Low concentrations of glutaraldehyde provided only incomplete stabilization of the plaques, since at the crucial step of chamber opening the RBCs and the delicate ghosts could easily shift. Higher (up to 1%) concentrations provided good ultrastructural results for cells and ghosts as well and did not prevent further immunodetection in the cells (see below).
As reported in Materials and Methods, the utmost care must be taken at every step of the EM RHPA procedure (incubations, fixations, and embedding). Sectioning also appeared to be a crucial step, since cells will be observable together with their companion RBCs or RBC ghosts and will exhibit all their subcellular compartments only on perfectly positioned sections (see Figure 2) .
By LM the embedded hemolytic plaques remained observable but the RBCs of the ground layer appeared sparser than they were within the Cunningham chambers (Figure 5) . Control preparations exhibited a recognizable pattern owing to the clustering of intact RBCs around endocrine cells (Figure 6) .
At the EM level, all cellular elements appeared distant from each other. In addition, some intact RBCs sometimes persisted among RBC ghosts within a plaque, as previously observed by LM. Therefore, we considered as "positive" or "responsive" (i.e., secreting) not only cells in close contact with ghosts alone (Figures 10, 16 , and 17) but also cells surrounded mostly by ghosts (Figure 9 ). At the opposite end "negative" cells, which could be either non-secreting PRL cells or non-PRL glandular cells, would be surrounded only by intact RBCs (Figures 7, 14, and 15 ). In control preparations, intact RBCs were clustered closely around endocrine cells (Figure 8 ).
IdentiJ?cation of the Endocrine Cells Under Various Conditions
Plaque-forming cells were considered to secrete PRL. Within this active population, however, the ultrastructural study revealed, as expected, a notable heterogeneity. "Classical" PRL cells were easily recognizable by their large (300-500 nm) polymorphic secretory granules (Figures 8-10 and 16 ). Few cells in this category formed hemolytic plaques under basal conditions, despite the presence of a well-developed rough endoplasmic reticulum and a prominent Golgi apparatus, even containing immature secretory granules (Figure 7) . Under these basal conditions, in the population of plaqueformers, some cells were characterized by smaller (150-300 mm) spherical secretory granules (Figure 9 ). Since these granules were immunolabeled with colloidal gold (Figures 11 and E) , such cells could be related to the other PRL cell types described by Nogami Preliminary results from stimulation experiments have demonstrated the ability of "classical" PRL cells to form hemolytic plaques and to exhibit many exocytoses after the application of 100 nM TRH (Figure 10) . Some of these cells, however, still appeared insensitive, although PRL could be immunodetected in their Golgi apparatus (Figures 14 and 15 ). Stimulation by KCI (60 mM) induced the formation of more hemolytic plaques than did the addition of TRH, and they appeared after shorter times of incubation. At the EM level both types of PRL cells seemed to be involved in plaque formation (Figures 16 and 17) . No ultrastructural alterations or morphological modifications were observed in stimulated cells vs controls.
This work was an attempt to link morphological and immunocytochemical EM approaches to a functional study at the level of Figure 9 . EM RHPA. Culture 3 hr. pre-incubation 1 hr, A.PRL 30 min, complement 30 min. Fixation with 1% glutaraldehyde and 1% OsO,. Kept under basal conditions, this plaque former is surrounded by some intact RBCs but mostly by RBC ghosts (RBCg). It contains many small (145-300 nm) spherical secretory granules labeled with A.PRL-immunogold particles (see higher magnifications in Figures 11 and 12 ). Note the well-developed Golgi apparatus (Go) and the pre-mitotic nucleus. Original magnification x 10,000. Bar = 1 pm. Figure 9 . Small secretory granules are overlaid with 10-nm gold particles (arrows) at the periphery of the cell ( Figure   11 ) and in the Golgi area ( Figure 12 ). Part of an RBC ghost (RECg) is visible (Figure 11 ). Figure 13 . In a PRL cell of the "classical" type (see text) , some gold particles are scattered over large secretory granules in the vicinity of an RBC ghost (RECg).
In all of these figures the labeling appears very weak, owing to the necessary use of drastic fixations and of Epon as an embedding medium. the individual cell. and represented a modified application of the EM RHPA to PRL cells. which was at first initiated by and Neil1 et al. (1987) . Since no quantification was performed concerning the number and the relative sizes of the hemolytic plaques at the EM level, these results must be considered preliminary. Nevertheless. EM RHPA coupled with immunocytochemistry has provided some insights concerning the PRL cells of rat pituitary. Despite the change of scale, the hemolytic plaques remained recognizable and, in addition. the fine structure of each plaque-former was revealed. This gave support to previous observations achieved by other approaches and enabled us to confirm. on morphological bases. the heterogeneity of PRL cells with regard to secretion. For example, our observations concerning the presence of active PRL cells containing mall secretory granules are in keeping with the studies of Velkcnicn et al. (1988) and of Hymer and Motter (1988) which. in completely different systems, reported a higher secretory activity for PRL cells with small granules under basal conditions. Our first results concerning stimulation of largegranule PRL cells by TRH also were in agreement with the results obtained by Walkerand Farquhar(l980), whoshowed by EM autoradiography that TRH could induce a preferential release of the hormone prcviously stored in the large granules of "classical" PRL cells.
The combination of EM RHPA with two different immunocytochemical methods enabled identification of the plaque-formers to confirm the presence of non-secreting or nonresponsive PRLcells and, in both responsive and nonresponsive PRL Cells, to study the subcellular distribution of the hormone. This enabled establishment for PRL cells of a disparity between secretion and storage, thus recalling the similar results obtained for gonadotropcs (Lloyd and Childs, 1988) .
The EM RHPA technique described here should have more general applications and might be used for study of many other secretory systems. 
